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ABSTRACT
"Neurotrophic Effects In Vitro on Vertebrate Skeletal 
Muscle Maintenance and Amphibian Limb Regeneration."
by
Robert Leo Carlone
Experiments were performed in vitro to assess the 
neurotrophic activity of several factors on both the main­
tenance of vertebrate skeletal muscle cholinesterase (ChE) 
activity and the initiation of amphibian limb regeneration.
In many vertebrates, denervation of a skeletal muscle 
results in a substantial decrease in total muscle ChE activity, 
while in urodele amphibians, denervation of the amputated limb 
apparently blocks proliferation of dedifferentiated stump 
cells, thus blastema formation and regeneration are prevented. 
In the latter case, the neurotrophic factor (NTF) is thought 
to allow blastema cells to traverse the G 2 phase and complete 
mitosis.
Mouse brain homogenate (MBH) delayed the loss of 
muscle ChE normally associated with denervation in organ 
cultures of 15-day embryonic chick sartorius muscles after 
one week in vitro. Dibutyryl cyclic AMP (dbcAMP) mimicked 
the ChE-maintaining activity of the brain homogenate. Cyclic 
GMP facilitated ChE depletion in this system.
Early cone stage blastemata from adult newts were 
explanted into organ culture, and thus denervated. The 
mitotic index (M.I.) of each was calculated and shown to
vii
decline steadily in vitro in the absence of nerves. The 
inclusion in the medium of newt brain homogenate (NBH) or 
dbcAMP delayed this nerve-dependent loss of mitotic activity 
Cyclic GMP alone or in combination with theophylline was 
ineffective as a mitogen.
In related experiments, control cultures were main­
tained for 54 hours, roughly equivalent to one urodele blas- 
temal cell cycle. When the decline in M.I. had stabilized, 
NHB or dbcAMP were added to the medium. A burst of mitotic 
activity was observed in both cases 8 hours later. Cyclic 
GMP was ineffective in stimulating mitosis. Since the G 2 
phase of the blastemal cell cycle lasts approximately 4 to 8 
hours, this result lends support to the hypothesis that bias 
temal cells are blocked early in G 2 in the absence of nerves 
Evidence is also presented for a role for cyclic nucleotides 
in the mediation of the effects of the NTF at a specific 
phase of the blastemal cell cycle.
INTRODUCTION
Cellular interactions during embryogenesis and 
communication between differentiated cells are essential to 
the genesis of form and regulation of function in the adult 
organism. Innervation is an important mode of communication 
both embryologically and in the adult. One such method of 
information transfer, distinct from neurotransmission, in­
volves long-term reciprocal interactions affecting both the 
structure and function of neurons and their target cells.
Two examples of such neurotrophically regulated systems are 
the initiation of amphibian appendage regeneration, and the 
structural and functional maintenance of vertebrate skeletal 
muscle.
Amphibian limb regeneration has long been known to be 
dependent upon nerves (Todd, 1823) . Briefly, after amputa­
tion, cells of the limb stump dedifferentiate, proliferate, 
and accumulate distally in a mass of mesenchymatous cells 
called a regeneration bud or blastema (Butler, '33; Thornton, 
'38). These cells ultimately redifferentiate to form an 
anatomically and functionally complete limb.
In the adult newt, denervation of the limb prior to 
the development of a cone stage regenerate delays the regen­
erative response until nerves have regrown to the amputation 
plane (Singer, '52; Thornton, '68). Schotte and Butler ('41) 
demonstrated that denervation of larval salamander limbs at 
the time of amputation not only inhibited regeneration, but
1
seemingly prolonged the dedifferentiative phase such that 
the limb stump underwent significant regression. Interestingly, 
denervation subsequent to the formation of a cone stage 
regenerate results in an anatomically complete but smaller 
than normal regenerate (Singer and Craven, '48; Singer, '52; 
Thornton, '68). Singer and Craven ('48) observed that denerva­
tion inhibited the mitotic proliferation of the blastemal 
cells at all stages of regeneration. Such evidence implies 
that the trophic function of the nerve in the initiation of 
limb regeneration affects the mitotic rate and accumulation 
of blastemal cells, but not the nature of the regenerate or 
its morphogenesis or histogenesis (Singer, '52).
Tassava and his co-workers, in a series of studies, 
have shown that the dedifferentiation of stump tissues and 
entry of the mesenchymal cells into the cell cycle is inde­
pendent of any neural influence (Kelly and Tassava, '73;
Ta,ssava et al., '74; Mescher and Tassava, '75). In the 
absence of nerves, stump cells dedifferentiate, proceed to 
synthesize DNA, but do not subsequently divide. Microspec- 
trophotometric examination of these "blocked" cells has 
shown them to have a DNA content of 4N, characteristic of 
cells in the post-DNA synthetic gap (G2 ) of the cell cycle 
(Mescher a,nd Tassava, '75). They thus hypothesize that 
nerves exert their trophic effect by removing such a block 
to mitosis (Tassava and Mescher, '75).
The maintenance of vertebrate skeletal muscle, like 
the initiation of amphibian limb regeneration, is ultimately
3dependent upon innervation. The nature of the neurotrophic 
influence, however, is less well understood owing to the lack 
of a unitary trophic principle in nerve-muscle interactions. 
Unlike the amphibian blastema, muscular activity and choliner­
gic transmission cannot be disregarded in any interpretation 
of neurotrophic effects (Drachman, '74).
Denervation of muscle in vivo leads to a decrease in 
cholinesterase (ChE) activity (Guth et al., '64; Guth, '68;
Guth, '74), an increase and spread of acetylcholine (ACh) 
sensitivity (Drachman, '74), fibrillation, and eventually, 
atrophy. One may, however, study the effects of denervation 
of skeletal muscle in vitro, in defined conditions in the 
absence of many complicating factors (Lentz, '71; Rathbone et_ 
al., '74; Oh et al_., '75). As an example, it has been shown
that the same alterations in ChE activity and distribution of 
activity among ChE species that occur after denervation of 
muscles in vivo occur following denervation and culture of 
muscles in vitro (Rathbone et a l ., '-74; '75) . Similarly, the 
incorporation of radioactivity into proteins and DNA of cultured 
newt blastemas iri vitro resembles the pattern of synthetic 
activity of denervated blastemas ill vivo (Foret and Babich,
'73; Babich and Foret, '73; Rathbone, personal communication).
Any attempt to elucidate the nature of the neuro­
trophic factor (NTF) in either case seems best served by the 
utilization of a bioassay system in vitro. Effectively de­
nervated upon explantation, the target cells may then be 
treated with specific agents in an attempt to simulate the 
normal action of the nerve. Explanted amphibian blastemas
4and vertebrate skeletal muscle have been successfully main­
tained in organ culture (Stocum, '68; Lentz, '71; Foret and 
Babich, '73). In the studies reported here, this approach 
was used in an effort to shed light upon the mechanism of 
action of the neurotrophic factor in these systems.
Many workers have previously investigated the nature 
of the neurotrophic effect. In the case of the amphibian 
appendage, Schotte ('26) postulated that the adrenergic 
neurotransmitter was responsible for the initial events of 
regeneration. Sympathectomy of the amputated limb stump re­
sulted in normal regeneration, however, thereby disproving 
this hypothesis (Singer, '52). Acetylcholine has also been 
suggested as the NTF because higher than normal levels were 
found in the limb stump during the early, nerve-dependent 
phase of regeneration (Singer, '59). It has been subsequently 
shown that either an isolated motor nerve supply, presumably 
with a, higher ACh content, or a purely sensory nerve supply 
is capable of supporting normal limb regeneration (Singer,
'46; '52; Sidman and Singer, '60). In addition, Drachman and
Singer (’71) showed that poisoning of the regenerate with 
botulinum toxin (to inhibit ACh release from presynaptic 
fibers) failed to suppress regeneration. Finally, ACh, when 
added to the medium, inhibits protein synthesis in cultured 
newt blastemas (Foret and Babich, '73).
Attention has thus shifted to the search for chemically 
distinct neurotrophic factors. Earlier attempts to support 
regeneration in the absence of nerves by the infusion of
5blastemal extracts (Deck and Futch, *69; Burnett et ad., '71) 
or extracts of spinal nerves or brain (Lebowitz and Singer,
'70; Deck, '71; Singer, '74; Singer et al., '76) have by and 
large proven futile. In many cases, however, the neuro­
trophic effects on macromolecular synthesis in vivo have 
successfully been mimicked (Lebowitz and Singer, '70; Singer, 
'74; Singer et ad., '76; Jabaily and Singer, '11).
Lebowitz and Singer ('70) observed that infusion of 
homogenates from spinal nerves restores about 40% of the 
loss in protein synthesis resulting from complete denervation 
Similar results were obtained with infusion of extracts of 
newt brain and synaptosomal fractions of frog brain (Singer, 
'74; Singer et al., '76).
Material with neurotrophic activity from newt brain 
has been characterized (Singer et ad., 'IS). It is heat lab­
ile, trypsin^-sensitive, has a molecular weight considerably 
less than 200,000 daltons, and is probably a basic peptide 
or protein.
There is also evidence for the existence of a NTF, 
chemically distinct from the neurotransmitter (ACh), with 
the ability to regulate muscle ChE activity. Landmesser ('71; 
'72) showed that when frog sartorius muscles were transplanted 
to the thoracic region and reinnervated with cholinergic 
fibers of the vagus nerve, functional synapses were formed. 
Although electrical and contractile properties remained nor­
mal after vagal innervation, junctional ChE disappeared from 
the muscle fibers. Lentz ('74) found that cholinergic agonists 
did not maintain ChE of newt triceps muscle in organ culture.
although extracts of newt or rat brain, or newt sensory 
ganglia co-cultured with triceps muscle did maintain ChE 
activity in vitro (lentz, '71; '74). Chick embryonic brain 
extracts were also successful in maintaining ChE of newt 
triceps in organ culture (Rathbone et al^, '74; '75), 
emphasizing the lack of species-specificity in the NTF.
A ChE-maintaining factor has also been characterized 
(Rathbone et' al., '74;'75). It is heat labile, protease- 
sensitive, and has a molecular weight less than 50,000 daltons. 
The activity is lost with dialysis, therefore, it is likely 
that the factor is either a peptide or requires a dialyzable 
cofactor for activity (Rathbone et al., '74; '75).
^rom the results cited above, one may tentatively 
conclude that the factor supplied by nervous tissue which is 
responsible for the stimulation of protein synthesis in 
denejrvated newt blastemas is similar to the factor which 
maintains ChE activity in denervated skeletal muscle. Whether 
or not such factors are identical and do indeed have a physio­
logical role in these systems remains to be determined.
As previously noted, the evidence weighs heavily in 
favor of peptides or proteins as a means of long-term commu­
nication between neurons and target cells. In order to better 
understand such interactions, it is necessary to examine the 
nature of the cellular responses of the target tissues to 
the neurotrophic stimuli.
Many peptide hormones exert their effects on target 
cells through the mediation of an intracellular regulator or 
"second messenger", cyclic adenosine 3', 5'-monophosphate
7(cAMP) (Robison et ad., '68). Cyclic AMP exerts a mitogenic 
effect on certain cell types (Whitfield et al^., '76). In
addition, cAMP and adenylate cyclase, the enzyme catalyzing 
its hydrolysis from ATP, are found in relatively high concen­
trations in the central nervous system (Robison et_ al., '70?
Steiner et a l ., '70), especially at synaptic junctions 
(DeRobertis et al., '67). Since nerve fibers are known to act
primarily by stimulating receptors in the plasma membrane of 
the target cell, it follows that the neurotrophic agent may 
also affect the cell membrane of the end cell and alter 
internal metabolic events by way of the adenylate cyclase- 
cAMP mechanism. Indeed, recent evidence supports this con­
tention. Foret and Babich ('73) cultured newt blastemas in 
yitro and discovered that the addition of dibutyryl cAMP 
(dbcAMP) to the medium stimulated DNA and protein synthesis. 
Foret ('73) observed that infusion of cAMP into regenerating 
newt limbs in vivo occasionally resulted in production of 
supernumerary ectopic regenerates. Sicard ('75) reported 
that endogenous cAMP levels were low during the dedifferen- 
tiative phase and high during the morphogenetic stage of 
regeneration. Jabaily et al. ('75) found that cAMP levels 
were elevated during the early cone stage of blastema forma­
tion, and fell rapidly to below control levels by the late 
cone stage, after which they slowly returned to normal. 
Liversage ej: aJL. ('77) determined the concentration of cyclic 
guanosine 3', 5'-monophosphate (cGMP) in regenerating newt 
forelimbs, since alterations in intracellular levels of this
nucleotide have been associated with growth rates in other 
cells (Goldberg et a l ., '73; Berridge, '75). They found a 
sharp increase in cGMP content during the dedifferentiative 
stage followed by a rapid decline to minimal levels at the 
cone stage. The high levels of cGMP during the period of 
dedifferentiation suggest that this nucleotide may play a 
role in the process of regeneration (Liversage et a l ., '11).
Cyclic nucleotides have also been implicated in the 
neurotrophic control of ChE activity in skeletal muscle. 
Although there is evidence that cAMP acts as a second messen­
ger mediating the effects of many norepinephrine, dopamine, 
and 5-hydroxy trytamine synapses on their target cells (Smith 
and Kreutzberg, '76), cyclic nucleotide levels in skeletal 
muscles are not directly affected by neurotransmission 
(Drummond et aJL., '69). Cyclic nucleotides would therefore 
appear to be excellent candidates to act as second messengers 
mediating the regulation of ChE activity that is also inde­
pendent of synaptic transmission. Carlsen ('75) observed a 
rise in cAMP after denervation of rat muscle. The time of 
onset of the increase in cAMP levels after denervation was 
proportional to the length of the remaining distal nerve stump. 
Lentz ('75) observed a transient decline in cAMP content of 
newt muscle after denervation, and demonstrated that extracts 
of nerves added to the cultures delayed the loss of cAMP 
associated with denervation. Lentz ('72) and Rathbone et al. 
('74) have also found that ChE activity of newt triceps 
muscle in organ culture can be regulated by the addition of
9cyclic nucleotides, or agents related to their metabolism, to 
the culture medium. It has also been suggested that the ratio 
of cAMP to cGMP may be important in the mediation of the 
trophic effects (Festoff and Oh, '77).
Therefore, sufficient evidence exists to merit further 
study of the role of cyclic nucleotides in the mediation of 
the trophic effects of nerves in the two systems outlined 
previously. The research reported here provides additional 
data ih support of cyclic nucleotide involvement in nerve- 
ta,rget cell interactions. It also provides evidence in 
favor of the hypothesis (Tassava and Mescher, f75) that nerves 
exert their trophic influence on dedifferentiated blastemal 
cells by removing a block in the G 2 phase of the cell cycle, 




I. Neurotrophic Control of Muscle Cholinesterase
One approach to the study of neurotrophic effects is 
by appropriate replacement therapy; an end-organ severed 
from its innervation may be treated with chemical agents in 
an attempt to simulate the normal action of the nerve. Pro­
gress in this area depends on the availability of a suitable 
bioassay system in which the effects of elimination of the 
nerve supply and replacement by specific agents can be measured. 
Such an assay system, based on the time-dependent decrease 
of newt triceps muscle cholinesterase'*' activity in organ 
culture, has been described (Lentz, ’71). Ideally, the 
assay should be rapid, convenient, inexpensive, and sparing 
of potentially endangered animal populations. Since each 
newt possesses but two triceps muscles, its utilization in 
this bioassay does not conform to the criteria outlined above. 
Therefore, an alternative source was sought. Embryonic chick 
sa,rtorius muscle, a long, broad but thin muscle of the 
thigh was selected from a variety of potential donors (Fig.
1). The advantage of this muscle is that 10-20 replicate 
cultures can be obtained from a single chick. Thus, the in­
ternal variation as well as expense of the experiments is
1
Both acetylcholinesterase (AChE) and cholinesterase (ChE) 
are found in skeletal muscle, including the end-plate regions. 
ChE is defined as all esterases that hydrolyze choline esters 
and are not proven to be AChE. This may include some AChE 




ChE activity as a function of embryonic age was 
examined in the chick sartorius, and was found to increase 
steadily through day 16 at which time a sharp decline was 
observed, lasting through day 1 post-hatching (Fig. 2).
This pattern is not unlike that previously observed by 
others (Nachmanson, '39; Goodwin and Sizer, '65; Wilson et 
al., '69) and is postulated to reflect changes in the locali­
zation and amounts of two of the three AChE isozymes 
(Maynard, '66; Wilson et al., '70).
Culture System
Sartorius muscle from 15 day White Leghorn chick 
embryos were removed, rinsed twice in sterile Ringer's 
solution and cut into 2 mm squares. Each muscle segment 
was placed on a small rectangle of Dacron mesh (Millipore 
Corp.) supported by a stainless steel grid in the center 
well of plastic organ culture dish (Falcon Plastics).
Cultures were maintained at 37 * 1 C  in a humidified 
atmosphere of 95% air - 5% CC>2 . The medium consisted of 
88% Eagle's Minimum Essential Medium (Gibco), 10% horse serum 
(Gibco), and 2% 10-day chick embryo extract (CEE^q ), spinal 
cord and brain excluded. Penicillin (100 units/ml), strepto­
mycin (100 ug/ml), and fungizone (.25 ug/ml) were added. The 
medium was changed every third day. Explants were maintained 
for ope week in the presence or absence of agents to be 
tested, Explants were then blotted, weighed, and homogenized 




The efficacy ■ with which the tested substance can 
replace or mimic the nerve was measured by determining AChE 
activities and comparing experimental to control values. The 
AChE determinations were made using the method of Ellman et^  
al. ('61). This colorimetric method is based on the enzymatic 
conversion of a substrate, acetylthiocholine, to thiocholine. 
The latter is reacted with dithiobisnitrobenzoate (DTNB) to 
produce a yellow color. The rate of color production is 
measured at 412 nm on a spectrophotometer (Beckmann DBG-2) 
and is proportional to the enzyme activity. Activity is 
expressed as umoles of acetylthiocholine hydrolyzed/g tissue 
wet wt/minute.
Agents Tested
A, Crude Brain Homogenates:
Crude homogenates of adult mouse, newt (Notophthalmus 
vjridescens), frog (Rana pipiens), and embryonic (15-16 day) 
chick brain were prepared by homogenizing the tissue in an 
equal volume of 0.1 M Na+ phosphate buffer, pH 7.4, at 4 C, 
then centrifuging the homogenate for 15 minutes at 6,000 RPM. 
The supernatant was sterilized by filtration (Millipore,
,45 u porosity) and added to the medium to yield a final con­
centration equivalent to 0.3 mg protein/ml medium. Protein 
was measured by the method of Lowry et al^ . ('51) .
B. Brain Extracts:
Brain extracts were prepared from adult mouse or newt
13
brain by a modification of the method of Singer et ajL. ('76) . 
The tissue was homogenized in twice its volume of cold 0.1 M 
Na+ phosphate buffer, pH 7.4, incubated with shaking for 15 
minutes at 30 C, then centrifuged for 15 minutes at 20,000 x g. 
The supernatant was fractionated by ultracentrifugation for 
15 hours at 130,000 x g. The resulting supernatant was 
added to the test cultures at a concentration equivalent to 
0,3 mg protein/ml medium.
C, Fibroblast Growth Factor:
Fibroblast growth factor (FGF), a peptide isolated 
from bovine brain and pituitary and reported to stimulate 
growth of mesodermally derived cells as well as regenera­
tive growth in adult frogs (Gospodarowicz et al., r75) was 
generously donated by Dr. Denis Gospodarowicz, The Salk 
Institute for Biological Studies. FGF was added to cultures 
a,t i0, 100, and 1,000 ng/ml medium.
D, Cyclic Nucleotides:
Cyclic AMP and its synthetic analogues, dibutyryl 
cyclic AMP and 8-bromo cyclic AMP (Sigma Chemical Co.) were 
tested for their ability to mimic the neurotrophic effects 
of bra,in homogenates at concentrations ranging from 10“  ^ to 
10-“5 M. In addition, 5'-AMP (Sigma Chemical Co.) and n- 
butyric acid, metabolites of cAMP and dbcAMP respectively, 
and cyclic GMP were tested over the same concentration range.
Statistical analysis
At least five pairs of explants from contralateral
14
limbs were utilized in each experiment. Whereas there may 
be wide variation in ChE activity between individuals, values 
of untreated opposite limbs of the same embryo are the same 
(Lentz,f71). Because the pairs of muscles are non-indepen­
dent samples, differences between the muscles of each pair 
can be analyzed by treating each change as a single obser­
vation. The changes in ChE activity are then tested by the 
"t" distribution at the .05 and .01 significance levels.
With the use of pairs of muscles in this manner, a given 
mean change has a greater significance than the same differ­
ence in two independently selected groups of samples.
II, Neurotrophic Control of Amphibian Limb Regeneration
Existing bioassays for the neurotrophic factor depend 
either on morphological evidence of regeneration or upon 
the observation that nerve homogenates and brain extracts, 
when infused into the denervated limbs of newts, partially 
restore the deficit in macromolecular synthesis resulting 
from complete denervation (Lebowitz and Singer, *70; Singer, 
■74; Singer et al., '76; Jabaily and Singer, '11). The per­
fusion technique, however, is technically demanding and time 
consuming. Furthermore, up to 3 0% of the blastemas failed to 
respond to the infusions because the infusate does not pene­
trate the regenerate (Singer et al., '76). Both problems are
mitigated with the utilization of an in vitro system, and the 
ability of brain homogenates or other agents to stimulate 
mitosis in blastemal cells can be readily measured.
15
This system also provides a means of testing the 
hypothesis of Tassava and Mescher ('75) that blastemal cells 
accumulate in G 2 of the cell cycle in the absence of inner­
vation. Assuming that the principle role of nerves is to 
stimulate mitosis in dedifferentia,ted stump cells, then 
blastemata cultured in the absence of nerves should show a 
decline in mitotic index (M.I.) with time, reaching a base­
line level at a period roughly equivalent to one cell genera­
tion time. The addition to the culture medium of a neuro­
trophic agent should stimulate cell division, thus enabling 
cells to enter mitosis synchronously. A measurable increase 
in M.I. should result, and the time at which such an increase 
occurs would indicate the moment in the cell cycle at which 
this population of cells was previously blocked.
Experimental Procedures
Adult newts (Notophthalmus viridescens) were collected 
from Bow Lake, N.H. or obtained commercially from Tennessee. 
The animals were kept in aquaria in dechlorinated tap water 
and fed twice weekly with Tubifex or fresh beef liver.
All surgical procedures were performed on newts 
anaesthetized in 1:1000 W:V MS 222 (Sandoz). In all cases, 
both forelimbs were amputated through the distal third of 
the humerus and allowed to regenerate in individual con­
tainers of dechlorinated tap water at 21 C. If excessive 
retraction of the soft tissues occurred, the humerii were 
trimmed after 24 hours.
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When regenerates reached the early cone stage (approxi­
mately 17-21 days at this temperature), the forelimbs were 
reamputated at the shoulder. The proximal portion of the 
stump thus served as a handle which facilitated the subse­
quent excision of the blastema. Prior to excision, the 
blastemata were immersed for 3 minutes in a 1% solution of 
sodium hypochlorite, then rinsed three times with sterile 
medium.
Culture System
Aseptic technique was used throughout the culture 
procedures. Excised early cone stage regenerates with intact 
epidermis were explanted, cut surface down, on 3 mm Millipore 
filter squares (Millipore Corp. type HA, .45 u porosity) and 
supported on stainless steel grids in a 35 x 10 mm plastic 
petri dish (falcon Plastics) (Fig. 3). The medium consisted 
of 90% Liebovitz L-15 (Gibco) adjusted to amphibian salt 
concentrations (Stocumf '68), and 10% fetal calf serum 
(Gibco), Penicillin (100 units/ml), streptomycin (100 ug/ml) 
and fungizone (.25 ug/ml) were added. The average initial 
pH wa,s 7,25 ^ .05, and the average osmolality was 269 - 3 
mosmols,
Blastemata were maintained, in the presence or absence 
of agents to be tested for their mitogenic activity, at 26 - 
1 C in an humidified atmosphere. No gassing was necessary 
since the buffer system of the L-15 component contains pre­
dominantly free-base amino acids rather than carbonate- 
bi.carbona,te (Leibovitz, '63).
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Preparation of Tissue Squashes
After the appropriate time period, blastemas were 
freed of their epidermis by treatment for 4 5 minutes at 25 C 
in calcium and magnesium-free Holtfreter's solution containing
0.1% EDTA. The denuded blastemas were rinsed twice in fresh 
Holtfreter's solution, then fixed overnight in 3:1 ethanol: 
acetic acid. Following two rinses in tap water and then with 
distilled water, each blastema was placed in a drop of 
aceto-orcein on a glass slide and stained for 10 minutes.
A coverslip was placed on the tissue fragment and the tissue 
squashed by gently rolling the coverslip with a small piece 
of plastic tubing. Excess stain was removed by blotting 
with bibulous paper.
Temporary mounts were prepared by sealing the edges 
of the coverslip with vaseline. When permanent mounts were 
desired, the slide was pressed against dry ice until frost 
a,ppea,fed on the coverslip. The coverslip was then rapidly 
flipped off with watchmaker's forceps. The remaining tissue 
squash was dehydrated in ethanol, allowed to air dry, and a 
coverslip mounted with Permount.
Determination of Mitotic Index (M.I.)
Mitotic figures (prophase to late telophase) and 
the total number of blastemal cells were counted with the 
aid of an ocular reticule ruled into a grid. One central 
and two peripheral grid areas were counted in each circular 
squash, No fewer than 1,500 cells were counted for each 
blastema, Three blastemas were examined for each time period,
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the results being expressed as the mean M.I. (%) ± 1 S.D.
Differences in mean M.I. between experimental and 
control blastemas pooled from contralateral limbs were 




I. Neurotrophic control of Muscle ChE Maintenance 
Cholinesterase Activity
ChE activity of freshly dissected embryonic chick 
sartorius at different ages of incubation was studied. Mus­
cle from the 15-day chick was found to be 57% higher in ChE 
activity than the value obtained by Lentz ('71) for adult 
newt triceps, The variation in ChE activity between segments 
of ap individual muscle, from origin to insertion, was also 
examined and did not exceed 6.5% (Fig. 4). When homogenates
of adult mouse brain were added to the medium of our culture
system, muscle ChE activity was found to be 27% greater than 
control values after one week in culture. This compares 
fayorably with the 20-24% differences in ChE activity obtained 
following the addition of sensory ganglia or brain homogenates 
to similar organ cultures of newt triceps muscles (Lentz, '71; 
Rathbone et^  al_,, '74), While the results are comparable to 
studies on newt triceps in organ culture, and on dissociated 
embryonic chick thigh muscle (Oh et al_. , 'IS) , they differ 
from those of Harvey and Dryden ('74) who conclude that the 
addition of spinal ganglia to monolayer cultures of 10-day 
chick thigh muscle had little effect on either the absolute 
^mounts of ChE activity, or on its localization within myo- 
tubes after 10 days in vitro. The possibility exists, however, 
that functional nerve-muscle contacts, if present, occurred 
at too low a frequency for any trophic effect on ChE activity
in cultures as a whole to be observed.
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In birds, denervation has occasionally been reported 
to increase rather than decrease levels of muscle ChE. Wilson 
et hi ('70) haye shown that total ChE activity increases 
with denervation in the post-hatching muscle of the chick.
Our assa,y, however, employed explants of intact sartorious 
muscles from 15-day embryos. At this stage of development, 
previously myogenically controlled ChE activity now comes 
under the influence of the nerve (Goodwin and Sizer, ’65). 
Therefore, when muscle is explanted there is sufficient 
reason to believe that "neurotrophically naive" ChE might 
respond differently to a nerveless state than will the 
enzyme in post^-hatching muscle.
Crude Brain Homogentates
Crude homogenates of several vertebrate brains, both 
adult a,nd embryonic, increased ChE activity, sometimes signi­
ficantly, over control values of untreated organ cultures 
(Table 1). A concentration of 0.3 mg protein/ml of mouse 
brain homogena,te (MBH) proved most effective in maintaining 
ChE activity, and was therefore used throughout the remainder 
of the experiments (Fig. 5).
Interestingly, embryonic chick brain homogenate, pre- 
trea,ted with beefheart 3'; 5"-cyclic phosphodiesterase 
(Sigma Chemical Co.) to hydrolyze endogenous cyclic AMP, 
demonstrated an increased ChE-maintaining activity, a result 
which indicates that the NTF is probably not a cyclic 
nucleotide (Table 1).
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A lack of species-specificity of the NTF is evident 
in that adult mouse brain was most effective in maintaining 
ChE activity in chick sartorius muscle and may well provide 
a ready source for the isolation and characterization of the 
NTF.
Brain Fractions and Purified Factors
Partially-purified extracts from adult mouse and 
newt brain reported to have neurotrophic activity ill vivo 
(Sipger et al., '76), were generally ineffective in main­
taining ChE activity (Table 2). Concentration differences 
caused by an alternative mode of application of the ex­
tracts from that of Singer et al. ('76), as well as the 
subtle changes in the preparation of the extract, could 
account for the loss of ChE-maintaining activity. That 
concentration of the putative NTF is an important considera­
tion is seen in both the results with crude MBH (Fig. 5) 
and with the peptide, FGF (Table 2). At 10 ng/ml, FGF had some 
neurotrophic activity, while at 100 or 1,000 ng/ml, it 
did not.
Cyclic Nucleotides and Related Agents
Cyclic AMP and its synthetic analogues, dbcAMP 
3nd 8-br cAMP, when added to the culture medium in concen­
trations of 10-3-10~5 M, delayed the loss of ChE activity 
normally associated with muscle denervation (Lentz, '71).
DbcAMP (10-3 M) significantly (p = ,05) increased ChE
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activity compared to contralateral control cultures (Table 
3). The fact that the dibutyryl derivative is more effective 
than native cAMP may be due to its increased lipid solu­
bility and therefore, its enhanced ability to penetrate 
cell membranes (Pastan et aJL. , '71). More probably, dbcAMP 
is resistant to hydrolysis by PDE once inside the cell, 
and its monobutyryl breakdown products are thought to inhi­
bit specific phosphodiesterases in some cell types (Rebhun, 
’77), thereby indirectly raising the intracellular concen­
tration of cAMP.
Interestingly, although dbcAMP, at 10“3 M, delayed 
the loss of ChE activity after denervation, cGMP, at 10“  ^ M, 
significantly facilitated ChE depletion after one week in 
cultu,re (Fig. 6). Such a result is typical for physiological 
concentrations of compounds which are functionally antago­
nistic .
Control experiments with 5'-AMP and n-butyric acid, 
catabolites of cAMP and dbcAMP respectively, never produced 
an increase in ChE activity. In fact, the latter compound, 
at higher concentrations, accelerated ChE loss (Table 3).
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II. Neurotrophic Control of Amphibian Limb Regeneration
Mitotic Activity of Blastemas In Vitro
Blastemal squash preparations proved useful in the 
determination of mitotic indices in that they could be pre­
pared more rapidly and with less difficulty than routine his­
tological sections. The monolayer of mesenchyme-like cells 
resulting from this technique facilitates counting mitotic 
figures. One criticism of this method might be that in the 
removal of the epidermis prior to fixation mitotic cells 
could preferentially adhere to the epidermis, thus affecting 
the accuracy of subsequent counts. Upon histological examina­
tion, no significant difference was found between the M.I. 
of cells adhering to the epidermis and thosecontained within 
the blastemal mass,
Early cone stage regenerates at the time of excision 
had a M.I. of approximately 1.2% (Fig. 7). Wallace and Maden 
(.'■7 6) estimated that 50% of the cells in the conical blastema 
of the axolotl, derived from dedifferentiated stump cells, 
fojrm the proliferating population. If the assumptions are 
made that 1) the proliferating population of blastemal cells 
is homogeneous in terms of cell cycle duration, and 2) that 
the mitotic phase of the cycle lasts approximately one hour 
out of a total cycle time of 48 hours (Grillo, '71; Wallace 
and Maden, '76; Maden, '11), then at any time, the M.I. would 
be approximately 1%, a figure that our results agree with.
After explantation to control medium, the M.I. de­
clined steadily with time, reaching a level of 0.2% after
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48 hours, at which time no further decrease occurred (Fig.
7). This result indicates that most of the dividing blastemal 
cells, upon removal from the influence of the stump and its 
nerve supply, are blocked at some point in their division 
cycle. Alternatively, certain phases of the cycle may be 
prolonged. A smaller population of cells, possibly in re­
sponse to some factor in the serum component of the medium, 
remain in the division cycle. Histological examination of 
blastemas after 48 hours revealed no significant cell death 
among internally located cells, and no overt signs of pre­
cocious cartilage differentiation. Occasional cells were 
observed that resembled the "pale and vacuolar" cells re­
ported by Bryant et aJ. ('71) to increase in number during 
the resorption of denervated mound stage blastemas. These 
may in fact represent cells blocked in the G 2 phase of the 
cell cycle (Tassava and Mescher, '75).
When early cone stage blastemas were explanted into 
medium containing either adult newt brain homogenate (NBH), 
or dbcAMP, the mitotic index after 48 hours was significantly 
(p = .01) higher than control values (Fig. 8). Cyclic GMP 
CIO"5 M) had no effect on blastemal cells (Fig. 9). Cyclic 
GMP CIO"5 M) in combination with 5 x 10"5 M theophylline, 
an inhibitor of cyclic nucleotide phosphodiesterase, was 
slightly mitogenic, but the result was not statistically 
significant (Fig, 9).
Cell Cycle Studies
The blastemal assay system was used to test the
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hypothesis of Tassava and Mescher (’75) that blastemal cells 
are blocked in G 2 in the absence of nerves. The assumption 
must be made, however, that a homogeneous population of cells 
exists that would respond to the addition of a mitogenic fac­
tor from nerves by reentering the cell cycle in synchrony. 
Such synchronous division would be expected to last for at 
lea,st one division cycle of approximately 48 hours.
If the block to mitosis occurred either late in S or 
early in G 2 , then its elimination should produce a measurable 
increase in M.I, 6-10 hours later, the duration of G2 in uro- 
dele blastema,l cells (Grillo, '71, McCullough and Tassava,
'76, Wallace and Maden, '76, Maden, '77) , When cone stage 
blastemas were cultured for 54 hours in control medium and 
then switched to medium containing either NBH or dbcAMP (10  ^
M), a burst of mitotis was observed 8 hours after the change 
(Figs. 10 a,nd 11). The difference in M.I. between experimen­
tal a,nd control cultures (to which fresh control medium was 
added after 54 hours) was significant (p = .01). Cyclic 
GMP had no significant effect on M.I. throughout the culture 
period.
The ability of NBH to increase the M.I. of explanted 
bla,stemas in vitro may indicate that the added material 
merely enriched the blastemas by providing a more suitable 
culture environment and may be unrelated to in vivo pro­
cesses that are under neurotrophic control. To test this 
possibility, the effects on mitosis of increasing the fetal 
calf serum concentration by 0.3 mg protein/ml medium were
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examined. No increase in M.I. was observed at any time up 
to 24 hours after its addition. These results indicate that 
effects of NBH cannot be attributed solely to enrichment of 
the culture medium by the extract.
In the case of both NBH and dbcAMP treated explants, 
the peak M.I. at 8 hours reached approximately 0.55% or 
roughly 50% of the value obtained for early cone stage re­
generates at the time of excision. Therefore, only half of 
the cells blocked in G 2 appear to respond to the factors in 
NBH or to dbcAMP by reentering the cell cycle. The possibility 
exists that a distinct subpopulation responds to the NTF by 
dividing while other subpopulations do not. Alternatively, 
the failure of all cells to reenter the cycle could be due 
to depletion of the mitogenic factor with time, or to removal 
of cells from the dividing population in preparation for 
cytodifferentiation.
Effect of Colchicine
The plant alkaloid colchicine reversibly blocks 
cells in metaphase by disrupting microtubular assembly. The 
M.I, of blastemas explanted into control medium containing 
2 x 10'r  ^g/ml colchicine was monitored for 56 hours. If, 
indeed, a block to division occurs in G 2 in the absence of 
nerves, the M.I. would be expected to increase steadily as 
cells accumulate in metaphase until all cycling cells located 
"clockwise" to the G 2 block had entered mitosis (6-10 hours). 
The M.I, should then level off as cells "counterclockwise"
to the G 2 block are prevented, in the absence of nerves, 
from entering mitosis. As Figs. 12 and 13 show, the M.I. 
increased for 20 hours in control medium containing colchi­
cine. The fact that the block to mitosis seems to occur at 
20 hours prior to mitosis rather than the expected 6-10 hours, 
could be accounted for by residual trophic activity of dis­
tal nerve fibers explanted with the blastemas. The M.I. 
subsequently leveled off and gradually declined as cells 
were slowly released from the metaphase block, presumably 
due to depletion or breakdown of colchicine in the medium.
Both NBH and dbcAMP (10“5 M) stimulated an accumulation 
of metuphase figures for a longer period and to a greater 
degree tha,n did colchicine alone (Figs. 12 and 13). This 
result lends support to the hypothesis that nerves or agents 
that are reported to simulate the effects of nerves (Foret,
'•73; Foret and Babich, '73) exert their mitogenic effects on 
blastemal cells by removing a block at the G 2 phase of the 
cell cycle (Tassava, and Mescher, '-75) .
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DISCUSSION
The present study provides evidence supporting the 
involvement of cyclic nucleotides in two widely-studied 
neurotrophic processes. Cyclic AMP was shown to be as 
effective in both maintaining ChE activity in skeletal 
muscle and in stimulating newt blastemal cell prolifera­
tion/ as was crude mouse brain homogenate.
The results on ChE maintenance in chick embryo sar- 
torius muscle explants compare favorably with those of Lentz 
(*71; '72; '74) who found that exogenous cAMP could mimic
the ChE-maintaining effects of partially-purified NTF from 
newt brain. This latter extract also caused an increase in 
cAMP leyels in newt triceps muscles. Denervation of newt 
triceps results in a decrease in cAMP levels, followed by 
a gradual rise to levels considerably higher than normally 
innervated muscles (Lentz, '75). Reinnervation causes a 
decline to normal levels, and extract-treated muscles in 
Vitro behave essentially like reinnervated muscle when 
cultured for long periods. These findings are consistent 
with the hypothesis that trophic effects in this system 
are mediated by neuronal regulation of cAMP levels. The 
large subsequent increase in cAMP in denervated triceps, as 
well as the lower levels in reinnervated or long term extract- 
treated muscle, indicate that innervation normally suppresses 
cAMP leyels. It seems, therefore, that nerves regulate 
both cAMP and ChE levels, and that cAMP affects muscle ChE.
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The precise relationship between the two are not, however, 
known.
ChE in organ cultures of newt triceps muscles may 
also be maintained by adrenergic agonists (Lentz, '74).
Plach et a l , {'11) demonstrated that -adrenergic agonists 
maintained ChE levels in newt triceps in addition to increasing 
cGMP levels. Intracellular cAMP levels were increased by 
fi> -adrenergic but not £“(-adrenergic agonists. The suggestion 
was; made that intracellular cGMP levels, rather than cAMP 
levels, may mediate the trophic maintenance of muscle ChE 
(Rathbone et a l ., * 76; Plach et a^l., '11). Indeed, Liversage 
et al_, {'11) maintain that an increase in intracellular cGMP 
rather than cAMP during the dedifferentiative phase of newt 
limb regeneration implies a role for the former cyclic nucleo­
tide in the increased mitotic activity associated with this 
period (Chalkley, '-54) .
Our results do not support these contentions, however, 
in that cGMP (10'"4 M) significantly facilitated ChE depletion 
in cultured chick sartorius muscle. Some reasons for this 
discrepancy could be that different mechanisms are involved 
in ChE maintenance in different species, and that mitogenic 
activity in the newt blastema is not necessarily equivalent 
to the maintenance of ChE in embryonic chick muscle. For 
exajnple, in post-hatching chick muscles, ChE activity is 
suppressed by nerves while denervation causes a rise in ChE 
levels (Wilson et a^,, *70). Oh and his colleagues (Oh et a l ., 
*75) have isolated a high-molecular weight protein with ChE-
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maintaining activity when tested on cultured chick myoblasts. 
This factor may be a multimer of the factors having neuro- 
trophic activity studied by others (Singer et al., '76;
Rathbone et a_l., '74) . Since Oh's factor increases ChE
activity in chick myoblasts in vitro, it cannot be said to 
mimic the trophic effect of nerves on ChE levels in vivo.
The possibility exists that Oh's factor may be inhibitory 
when added to newt triceps muscle in vitro, and therefore 
reduce ChE levels, presumably through a different intracellu­
lar mechanism than that utilized by the smaller peptides.
In our experiments, cGMP (10-  ^M) and dbcAMP (10“3 M) 
were shown to have opposite and antagonistic effects on ChE 
maintenance in chick sartorius muscle. The idea of dualism 
in cAMP and cGMP action (the "Yin-Yang"hypothesis) has been 
derived from observations in which an increased level of cGMP 
produced by various stimuli leads to a decrease in the con­
centration of cAMP (Goldberg et a l ., '73). Festoff and Oh
('77) suggest that modulation of skeletal muscle growth and 
differentiation may be mediated by or correlated with changes 
ip the intracellular cAMP/cGMP ratio. No attempt was made in 
the present study to measure this intracellular ratio, and 
the differential lipid solubilites of cGMP and dbcAMP 
(Pastan et a l ., '71) when added exogenously, preclude any
conjecture as to the possible fluctuations of this ratio.
As shown previously, the primary effect of nerves on 
the regenerating amphibian limb appears to be the stimulation 
of blastemal proliferation. Tassava and Mescher ('75) report
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that the neurotrophic agent is not necessary for dedifferen­
tiation or DNA replication, but only for mitosis of the de­
differentiated cells, possibly by allowing some "critical" 
process of the G 2 phase of the cell cycle to occur. Globus 
and Vethamany-Globus ('77) present somewhat conflicting evi­
dence since, in their system, mitosis occurs iri vitro, in the 
absence of nerves, although at a markedly reduced rate.
Their culture medium, however, contained insulin which itself 
is a mitogen. We have also found a small, proliferating 
population of blastemal cells which is independent of the 
apparent mitogenic effect of nerves. It is possible, in fact 
likely, that the regeneration blastema, derived by dedifferen­
tiation of cells from a variety of stump tissues, would con­
tain populations of cells with varying generation times and 
with differing sensitivities to the NTF. In any case, we 
have shown that a crude newt brain homogenate can remove a 
block to mitosis, probably in early G 2 , and allow a significant 
proportion of the blastemal population to reenter the cell 
cycle synchronously.
Results from experiments performed in this study 
provide no evidence as to the fate of the dedifferentiated 
cells in the denervated limb stumps, nor to the mechanism of 
action of the NTF in relation to cell cycle events. It was 
shown, however, that dbcAMP (10~5 m ) can mimic the effect of 
NBH at a specific point of the cell cycle. The role of cyclic 
nucleotides during growth and cell division has been reviewed 
recently (Berridge, '76; Whitfield et al^., '76; Rebhun, '77)
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and conflicting results seem to be commonplace. McMahon ('74) 
conjectures that cyclic nucleotides, in concert with inor­
ganic ions, play key roles in the inter- and intracellular 
communications which determine many developmental processes 
in eukaryotes. Although high intracellular concentrations of 
cAMP generally have been considered inhibitory to cell 
division )(Rebhun, '11), McManus and Whitfield ('69) reported 
that DNA synthesis was stimulated in thymic lymphocytes by 
cAMP at low concentrations. Foret and Babich ('73) also 
reported a stimulation of DNA synthesis by dbcAMP in cultured 
newt regenerates. Moreover, Zeilig ej: a_l. ('74) noted that 
an increased concentration of this nucleotide during mitosis 
caused HeLa cells to traverse this phase twice as rapidly.
The action of cAMP thus appears dualistic and contra­
dictory, The type of reaction elicited may well depend on the 
physiologic sensitivity of a particular cell type and its 
specific phase in the cell cycle. For instance, the mitotic 
rate in regenerating tail sections of the flatworm, Dugesia 
dorotocephala, was increased by exogenous addition of both 
cAMP and dbcAMP (Weinstein and Gavurin, '77). Since only neo­
blasts or /% -cells divide in this organism (Hay et al., '75), 
they may represent a specific cellular population which in­
creases in response to exogenous cyclic nucleotides. The 
early cone stage blastema of the newt apparently also pro­
vides just such a population of cAMP-responsive cells. Like 
the action of NBH, the stimulation of mitosis by dbcAMP seems 
to occur at a specific point of the cell cycle. Cyclic GMP,
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which is thought to stimulate growth in many cell types 
(Rebhun, '77), had no effect on blastemal mitotic rate alone, 
although in combination with theophylline, this nucleotide 
was slightly mitogenic.
While the present study provides evidence for a 
stimulatory role for cAMP in blastemal cell proliferation, 
its mode of action is undetermined. One possibility might 
involve cyclic nucleotide interactions with "microtubular 
organizing centers" (Hay et al., '75). Berridge ('75) has 
proposed that the initiation of cell division is universally 
accompanied by an increase in intracellular calcium. Cyclic 
nucleotides could affect cell division by raising intra­
cellular calcium levels which might somehow affect micro- 
tubular assembly.
An interesting aspect of trophic interactions is the 
lack of species-specificity of the trophic agent. Our 
findings substantiate those of others (Singer ejt al., '76; 
Rathbone et al_,, '74) who found respectively that protein
synthesis in denervated newt regenerates, and ChE activity 
in newt triceps muscle, could be maintained by crude homo­
genates and extracts from various vertebrate species. Singer 
hypothesizes that the trophic agent of the neuron arose early 
in the evolution of nervous tissue and has changed little 
since. He believes that the primary function of the NTF is 
in the maintenance of neuronal outgrowths and that NTF 
secondarily causes the growth and maintenance of peripheral 
tissues (Singer, '64; Singer et ad., '67). The nerve is
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thought to accomplish this function by influencing the rate 
of cellular events and not their nature (Singer, '64). Indeed 
denervation does not totally inhibit macromolecular synthesis 
of blastemal cells either iri vivo (Lebowitz and Singer, ’70) 
or in vitro (Foret and Babich, '73), nor does experimental 
hyperneurotization of muscle increase their ChE activity 
above normal levels (Guth and Brown, '65). Singer (’65) 
maintains additionally that the trophic agent may be a common 
cytoplasmic renewal or maintaining substance similar to 
fibroblast growth factor (FGF), epidermal growth factor (EGF) 
and nerve growth factor (NGF). All affect the rate of 
cellular events necessary for growth, are widespread among ani 
mal species, and are relatively small peptides.
Singer ('65) has also theorized that all living cells 
are trophic, the difference in the neuron being that it is 
highly specialized to perform this function. An instructive 
example of the trophic activity of non-nervous cells emerged 
from the studies of Yntema ('59) and later, Thornton ('70) on 
limb regeneration in aneurogenic or sparsely-innervated lar­
val salamanders. Regeneration occurs in the absence of 
nerves if the stump cells were not "addicted" to the nervous 
influence during their development. If nerves are permitted 
to invade the aneurogenic limb, regeneration then becomes 
nerve dependent (Thornton and Thornton, '70).
The. results of the experiments reported here emphasize 
that aqueous extracts of vertebrate brains, purified growth 
factors, and cyclic nucleotides are only active over a
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relatively narrow concentration range. A similar dose-response 
relationship is observed with dbcAMP in the stimulation of 
macromolecular synthesis in cultured newt blastemas (Foret 
and Babich, '73; Babich and Foret, '73). The reduced 
effects of higher concentrations of the extracts may be due 
to the presence of inhibitory or toxic substances.
These results also accentuate the need to proceed 
with caution in the interpretation of the mechanism of action 
of the NTF. The fact that both cAMP and NBH stimulate mitosis 
at a particular point in the blastemal cell cycle is in­
sufficient evidence to implicate this nucleotide as a "second 
messenger" of the NTF. However, these results when added to 
the growing body of evidence intimating cyclic nucleotide 
involvement in trophic interactions, leads to an increased 
comprehension of these nerve-mediated events.
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Table 1. The effects of brain homogenates from a variety of 
vertebrate species on AChE activity of 15-day chick 






Mouse Brain 10 7.59 ± 1.99 9.64 ± 1.72 +27*
Newt Brain 8 5.41 3.17 6.17 + 2.81 +14
Frog Brain 8 6.05 + 1.98 6.27 + 1.67 +11
Embryonic Chick 
Bra in 8 7.49 + 3.61 7.97 + 3.43 + 6
Embryonic Chick 
Brain + PDEl 8 2.51 + 0.61 3.30 + 0.51 +31*
* Indicates statistically significant differences at p =.05. 
'''Cyclic nucleotide phosphodiesterase
Ta,ble 2, The effects of partially-purified brain extracts and 
FGF on AChE activity in 15^-day chick embryonic 





Expt '1 % diff.
Newt Brain 9 4.72 + 1.40 4.78 - 1.28 + 1
Mouse Brain 8 11.26 + 3.36 13.42 - 4.62 +19
FGF2 10 ng/ml 8 8.75 + 4.98 10.62 - 3.90 +21
FGF 100 ng/ml 8 6.24 + 1.45 5.45 - 1.19 -13
FGF 1000 ng/ml 9 5.10 + 1.71 4.56 - 1.99 -11
^Fibroblast growth factor
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Table 3. The effects of cyclic nucleotides and related agents 












1.90 5.42 + 2.13 + 5
10-3M 10 4.36 + 0.71 4.93 + 1.26 +13
5 x 10 M 10 6.20 + 1.79 5.51 + 1.09 -11
DbcAMP 10“^M 4 5.38 + 3 .23 7.18 + 3.07 +33
io ;m 7 3.69 ± 1.44 4 .62 ± 0.94 +25
10"3m 18 4 .23 ± 1.90 6.45 ± 2.03 +52*
5 '-AMP 10~^M 5 5.97 ± 1.04 5.02 ± 1.84 -16
10 4M 6 7 .57 ± 2.40 7 .18 ± 2.56 - 5
10-3M 5 5.17 ± 1.47 4.82 ± 2.94 - 7
n-butyr ic 10“ aM 6 10.24
± 2.04 9.28 ± 2.25 - 9
acid i o"4m 9 10.20 ± 3.74 6.96 ± 2.37 -32*
8-br-cAMP 10-^M 7 6.64 ± 0.80 6.23 ± 1.70 - 6
10-4M 8 6.87 ± 4 .31 8 .14 ± 2.46 +18
10 M 7 9.10 ± 4 .81 9.27 ± 3.01 + 2
Cyclic GMP 10_4M 9 7.41
± 2.24 7 .22 ± 1.69 - 3
i o “4m 8 5.24 ± 1.13 3.66 ± 1.44 -30*
10 3M 10 9.09 ± 1.73 7 .64 ± 2.18 -16
*Indicates statistically significant difference at p = .05.
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Figure 1. A survey of AChE activity in skeletal muscles 
from a variety of vertebrate sources. Bars 
represent S.E.M. AChE activity is expressed as 
umoles acetylthiocholine (ATCh) hydrolyzed/g 
tissue wet wt/minute.
Figure 2. AChE activity in sartorius muscles of the chick 
as a function of embryonic age. Bars represent 
S,E,M, AChE activity is expressed as umoles 
ATCh hydrolyzed /g/min. Hatching occurs at 
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Figure 3. Diagrammatic representation of the culture
system utilized in the blastemal assay. The 
blastemas (early cone stage) are explanted, 
cut surface down, on the Millipore filter 
rectangle.
Figure 4. Variation in AChE activity from origin to inser­
tion in the sartorius muscle of the embryonic 
(15-day) chick. Brackets indicate S.E.M. AChE 
activity is expressed as umoles ATCh hydrolyzed/ 
g/min. The variation in AChE activity between 
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Figure 5. The effect of crude mouse brain homogenates (MBH) 
on AChE activity in 15-day embryonic chick 
sartorius muscle after 1 week in vitro. AChE 
activity is expressed as umoles ATCh hydrolyzed/ 
g/min. Arrow indicates a statistically signifi­
cant difference at p = .05. A IX concentration 
is equivalent to 0.3 mg brain protein per ml 
medium.
Figure 6. The effect of various molar concentrations of 
cyclic nucleotides on AChE activity in 15-day 
embryonic chick sartorius muscle after 1 week 
in vitro. Enzyme activity is expressed as a 
percentage of contralateral untreated explants. 
Arrows indicate a statistically significant 
difference at p = .05. DbcAMP = dibutyryl 
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C O N C E N T R A T I O N
Fig-ure 7. Mitotic index (M.I.) as a function of time in
vitro of early cone stage blastemas. Each point 
represents the mean M.I. of three blastemas.
Figure 8. Mitogenic effects of dibutyryl cyclic AMP (dbcAMP) 
and newt brain homogenate (NBH) on early cone 
stage blastemas as a function of time in vitro. 
Each point represents the mean M.I. of three 
blastemas. DbcAMP was added at 10”  ^M. NBH 








0 12 24 36 48 60





•  C O N T R O L
 ■  d b  c A  M P
 •  N 6 H
48 603612 24




9. Mitogenic effect of cyclic GMP (10-  ^M) alone 
or in combination with 5 x 10“  ^M theophylline 
on early cone stage blastemas as a function of 
time in vitro. Each point represents the mean 
M.I. of three blastemas.
10. Mitogenic effect of newt brain homogenate (NBH)
as a function of time in vitro. Early cone stage 
blastemas were explanted into control medium for 
54 hours at which time the medium was changed 
and medium containing NBH (0.3 mg protein/ml 
medium) added. Each point represents the mean 










■  c G M P + T H E O P H Y L L I N E





HOURS I N V I T R O
.6
C O N T R O L





H O U R S  A F T E R  A D D I T I O N  OF N B H
,57
Figure 11. Mitogenic effect of 10“  ^M dibutyryl cyclic AMP 
(dbcAMP) as a function of time in vitro. Early 
cone stage blastemas were explanted into control 
medium for 54 hours at which time the medium was 
changed and medium containing dbcAMP added. Each 
point represents the mean M.I. of three blastemas
Figure 12. Mitogenic effect of newt brain homogenate (NBH) 
as a function of time in vitro in medium con­
taining 2 x 10"5 g/ml colchicine. Each point 
represents the mean M.I. of three blastemas.
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Figure 13. Mitogenic effect of dibutyryl cyclic AMP 
(dbcAMP) 10"5 M as a function of time in 
vitro in medium containing 2 x 10-  ^ g/ml 
colchicine. Each point represents the mean 
M.I. of three blastemas.
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